Chocolate Pots hot springs (CP) is a circumneutral-pH Fe-rich geothermal feature located in Yellowstone National Park. Previous Fe(III)-reducing enrichment culture studies with CP sediments identified close relatives of known dissimilatory Fe(III)-reducing bacterial (FeRB) taxa, including Geobacter and Melioribacter. However, the abundances and activities of such organisms in the native microbial community are unknown. Here, we used stable isotope probing experiments combined with 16S rRNA gene amplicon and shotgun metagenomic sequencing to gain an understanding of the in situ Fe(III)-reducing microbial community at CP. Fe-Si oxide precipitates collected near the hot spring vent were incubated with unlabeled and 13 C-labeled acetate to target active FeRB. We searched reconstructed genomes for homologs of genes involved in known extracellular electron transfer (EET) systems to identify the taxa involved in Fe redox transformations. Known FeRB taxa containing putative EET systems (Geobacter, Ignavibacteria) increased in abundance under acetate-amended conditions, whereas genomes related to Ignavibacterium and Thermodesulfovibrio that contained putative EET systems were recovered from incubations without electron donor. Our results suggest that FeRB play an active role in Fe redox cycling within Fe-Si oxide-rich deposits located at the hot spring vent. IMPORTANCE The identification of past near-surface hydrothermal environments on Mars emphasizes the importance of using modern Earth environments, such as CP, to gain insight into potential Fe-based microbial life on other rocky worlds, as well as ancient Fe-rich Earth ecosystems. By combining stable carbon isotope probing techniques and DNA sequencing technology, we gained insight into the pathways of microbial Fe redox cycling at CP. The results suggest that microbial Fe(III) oxide reduction is prominent in situ, with important implications for the generation of geochemical and stable Fe isotopic signatures of microbial Fe redox metabolism within Fe-rich circumneutral-pH thermal spring environments on Earth and Mars.
putative OM porins and associated c-cyts in bins identified as Chthonomonas calidirosea, Pedosphaera parvula, Ignavibacterium spp., Thermoanaerobaculum spp., and Desulfomonile spp., which were not previously identified in the search for other EET gene homologs ( Fig. 6 and S6 ). Four high-coverage bins identified as Deltaproteobacteria, Anaerolinea thermophila, Acidobacteria, and Thermodesulfovibrio contained a putative OM porin but an incomplete set of proximal or supplemental c-cyts (Text S2.1 for details). An additional putative OM porin accompanied by proximal multiheme c-cyts was identified in the pcc-containing Geobacter bin in the Fe(III)-reducing metagenomic coassembly.
DISCUSSION Fe(III)-reducing SIP incubations. (i) 16S rRNA gene amplicon libraries.
Relatives of Geobacter spp. were the dominant taxa in 16S rRNA gene amplicon libraries from both the [ 13 C]acetate and unlabeled-acetate incubations. The acetate stimulation can be seen by the representation of similar taxa (e.g., Geobacter) in all acetate-amended treatments, with the exception of the low-density [ 13 C]acetate incubations (Table 1; see  also Fig. S3 and Table S3a ). 16S rRNA gene amplicon libraries from the high-and low-density DNA from the unlabeled-acetate incubations are largely indistinguishable in terms of the dominant OTUs ( Fig. 5 ). These results were not surprising and have been observed previously in acetate-amended Fe(III)-reducing incubations of CP materials and in other environments (3, 20) , and they are most likely a result of Geobacter spp. outcompeting other native Fe reducers. A previous study demonstrated that Geobacter . Bins containing genes involved in putative extracellular electron transport (EET) pathways (pcc, EET genes homologous to Geobacter-like porin cytochrome complex; pcc-like, no homology to the pcc system but contains all genes necessary for a putative porin cytochrome complex EET system) are indicated in bold. The consensus taxonomic classification of each bin is listed along with the corresponding bin number in parentheses.
Fortney et al.
Applied and Environmental Microbiology spp. outcompeted Rhodoferax spp. under conditions of acetate stimulation because of their higher growth rate (29) . It seems likely that a similar phenomenon is responsible for the predominance of Geobacter spp. in our acetate-amended incubations. High-density DNA was collected from the no-ED Fe(III)-reducing incubations to (i) identify which members of the microbial community might naturally fall in that range due to higher-density DNA (e.g., by virtue of having higher GC content), and (ii) demonstrate that the organisms identified in the [ 13 C]acetate-amended incubations were not simply carryover from this naturally higher-density population but were indeed from organisms metabolizing the [ 13 C]acetate and incorporating it into biomass. The clear separation of the high-density DNA from the [ 13 C]acetate treatment group and high-density DNA from the no-ED treatments demonstrates that the SIP incubation and subsequent gradient density separation successfully captured organisms that metabolized and incorporated [ 13 C] into biomass ( Fig. 5 ). This separation is also reflected in a notable difference in the abundant OTUs from these samples (Table  1) , where the 16S rRNA gene library from the [ 13 C]acetate treatments is composed almost entirely of Geobacter OTUs, which are absent from the no-ED 16S rRNA gene amplicon libraries.
16S rRNA gene sequences from the low-density DNA pool from the [ 13 C]acetate incubations clustered with the no-ED samples ( Fig. 5 ), suggesting that this DNA pool represents the non-[ 13 C]-incorporating portion of the microbial community. In summary, the response of the microbial community to the different incubation conditions for the SIP experiment resulted in a clear separation based on the ability of the organisms to metabolize acetate or not, followed by a clustering within the acetatemetabolizing population based on the physical separation of the [ 13 C]DNA from the unlabeled DNA ( Fig. 5 ).
(ii) Metagenomic libraries. SIP enabled the recovery of DNA from organisms in the Fe(III)-reducing incubation that metabolized [ 13 C]acetate and incorporated the heavy isotope into DNA. Unfortunately, the quantity of [ 13 C]DNA from the Fe(III)-reducing incubations was insufficient for shotgun metagenomic sequencing. However, as mentioned above, similar taxa were recovered in the low-density unlabeled-acetate and high-density [ 13 C]acetate 16S rRNA gene amplicon libraries. Thus, the same organisms were sequenced as part of a metagenomic library, regardless of the DNA pool from which the sequences originated, such that we were still able to assess in situ taxa and metabolic pathways in CP vent materials.
The metagenomic libraries from the Fe(III)-reducing incubations reflect the striking stimulation of certain members of the microbial community with the addition of acetate. This is most apparent in the dominant Deltaproteobacteria bin in the metagenomic coassembly. The Deltaproteobacteria bin was a minor member of the microbial community in the no-ED treatment metagenomic library, yet it increased in abundance (i.e., read coverage) by up to two orders of magnitude in the presence of acetate (2.6ϫ, 29.5ϫ, and 157.2ϫ coverage of the Deltaproteobacteria bin in the no-ED, unlabeledacetate, and [ 13 C]acetate libraries, respectively). This response is similar to what was observed for Geobacter OTUs in the 16S rRNA gene amplicon libraries. The competition among acetate-utilizing members of the microbial community is reflected by the fact that more-abundant members of the microbial community under no-ED conditions decreased in abundance under acetate-amended conditions, presumably because they were outcompeted by other acetate-utilizing taxa (e.g., Deltaproteobacteria or Geobacter).
Principal-component analyses did not show a distinct pattern of clustering of the archaeal members of the microbial community based on the unlabeled-acetate, [ 13 C]acetate, and no-ED treatment groups (Fig. S2 ). Conversely, the bacterial portion of the microbial community had more separation between samples from the high-and low-density DNA pools from the different incubation treatments ( Fig. 5) . A contributing factor could be whether or not the archaeal microbial community is capable of utilizing acetate. Although many archaeal OTUs were (distantly) related to methanogenic species (Table S5a to f), it has been reported that the optimal pH for acetotrophic methanogenesis is greater than the average pH (ca. 5.8) of the vent pool at CP (30, 31) . Given this information, it is likely that the archaeal microbial community does not utilize acetate and was therefore unaffected by the addition of acetate to the incubations, resulting in nearly indistinguishable populations between the treatment groups. The lack of response to acetate stimulation in the archaeal community is also reflected in the metagenomic library. The three Crenarchaeota bins are of roughly equal read coverage under all incubation conditions ( Fig. 6 ).
Relative abundances of known and potential FeRB under Fe(III)-reducing conditions. Average differential coverage of the metagenomic bins was used as an estimate of which taxa were more abundant in the incubations under Fe(III)-reducing conditions, with or without additional electron donor. Because Fe(III) reduction was observed under all incubation conditions, we hypothesized that the more abundant taxa containing a putative EET system would be involved in this metabolic process. The average coverage per treatment group of all binned contigs in the Fe(III)-reducing metagenomic coassembly was 4.7, and bins with an average coverage greater than this value were considered to be dominant members of the microbial community. While the dominant Deltaproteobacteria bin cannot be conclusively identified as a Geobacter relative, this is a likely possibility given the extremely high coverage of the metagenomic bin ( Fig. 6 ) and the dominating presence of Geobacter spp. in the acetateamended samples from the 16S rRNA gene amplicon library ( Fig. S2 ). Given these assumptions, the Geobacter relatives contributed extensively to DIR under acetateamended Fe(III)-reducing conditions. Although not previously documented as FeRB, bins related to the genus Ignavibacterium (n ϭ 2) had greatly increased coverage in the acetate-amended incubations. A similar increase in coverage was observed in the Thermodesulfovibrio-related bin. Canonically, Thermodesulfovibrio spp. are documented as being sulfate reducers; however, they have also been shown to be able to reduce Fe(III) (32) . The Geobacter-like pcc EET system has been identified in Ignavibacterium album (26), although, as described above, no putative EET systems have been identified in any of the isolated Thermodesulfovibrio genomes. The increased read coverage along with the presence of putative EET systems in the genomes, and in the case of the Thermodesulfovibrio bin, previously documented Fe(III) reduction, all support the idea that these organisms contributed to acetate-stimulated Fe(III) reduction. The Acidobacteria-related bin had high coverage under all incubation conditions and showed much less stimulation in the presence of acetate than the more abundant bins described above. This suggests that the Acidobacteria relative, while still a potentially active FeRB in the incubations, is less competitive than other FeRB in the microbial community. Interestingly, the Acidobacteria-related bin was the highest coverage putative FeRB in the no-ED incubations, a possible indication of its function as the dominant FeRB in situ.
EET pathways involved in Fe(III) reduction present at CP. The presence of the pcc EET system in bins related to Geobacter, Ignavibacterium, Melioribacter, and Deltaproteobacteria in the Fe(III)-reducing metagenomic coassembly ( Fig. 6 and S6) was expected based on previous comparative genomic analyses (26, 27) , as well as recent CP FeRB enrichment culture experiments that revealed the presence of pcc in reconstructed genomes of Geobacter and Ignavibacteriae (20) . Both Geobacter spp. and Melioribacter spp. are documented FeRB (33) (34) (35) , and it is reasonable to expect that metagenomic bins belonging to relatives of these organisms reflect the same metabolic capacity under the imposed Fe(III)-reducing conditions. Although poorly resolved phylogenetically, the presence of pcc homologs in a bin identified as Deltaproteobacteria is also not surprising. Ignavibacterium and Melioribacter relatives were previously classified under the phylum Chlorobi (36), and both taxa have been documented as having pcc, so it is possible that the poorly resolved Chlorobi bin from the Fe(III)reducing metagenomic coassembly is related to these genera and possesses a similar genomic makeup.
Our previous study of FeRB enrichment culture studies from CP identified homologs to the pcc EET system in metagenomic bins related to Thermodesulfovibrio (20) . A pcc-like EET system also was identified in the Thermodesulfovibrio bin from the Fe(III)reducing coassembly in this study, but the gene arrangement was not directly analogous to the canonical pcc system described by Liu et al. (27) . Although this putative pcc-like EET system has not been scrutinized using genomic and physiological experiments, the gene arrangement and properties (e.g., number of heme-binding sites, predicted cellular location, and transmembrane [TM] domains) suggest a function similar to that of pcc. Curiously, although no putative EET systems have been identified in any of the published Thermodesulfovibrio sp. genomes available on IMG, the ability to reduce Fe(III) has been demonstrated previously (32) , which might explain the presence of putative EET genes in the Thermodesulfovibrio-related metagenomic bin. It should be noted that the Thermodesulfovibrio-related bins from the previous enrichment culture metagenome (20) and the current SIP metagenomic analysis are only distantly related to each other and to the type strains of Thermodesulfovibrio (ca. 90% identification, based on the V4 region of 16S rRNA gene sequences; data not shown), suggesting that the bins from the two experiments, while both identified as being related to Thermodesulfovibrio, are in fact not the same organism; therefore, we should not expect them to possess the same metabolic potential. Of further note, the Thermodesulfovibrio-related bin from the present study is only partially complete (78%; Fig. S6 ).
Putative EET systems were also identified in bins belonging to several phyla, including Acidobacteria, Chloroflexi, Armatimonadetes, Proteobacteria, and Verrucomicrobia. Metagenomic analyses suggest that the Acidobacteria bins (n ϭ 2), the Desulfomonile bin (Proteobacteria), and the Pedosphaera bin (Verrucomicrobia) are potentially involved in Fe(III) reduction (Text S3.1). However, neither the Desulfomonile nor Pedosphaera bins are particularly abundant, especially Desulfomonile in the no-ED treatment, which suggests that if these taxa are indeed FeRB, they are unlikely to have a major contribution to overall Fe(III) reduction at CP ( Fig. 6 ).
Summary and conclusions. The purpose of this study was to identify which members of the microbial community endemic to CP are actively involved in Fe(III) reduction under conditions meant to represent in situ conditions as best as possible. Previous incubation studies have demonstrated the ability of enrichment cultures of CP microorganisms to reduce Fe(III) oxides (20) , but this is the first use of SIP to target the organisms responsible for this activity. By using 13 C-labeled acetate and isopycnic centrifugation, we were able to separate the portion of the community that had incorporated [ 13 C] into its DNA by metabolizing acetate coupled to DIR. Acetate is a universal electron donor for FeRB communities (3), including thermophilic communities (37) (38) (39) , and there is good reason to suspect that acetate is also a major electron donor for DIR at CP, especially given the immediate response of the microbial community to acetate addition. 16S rRNA gene amplicon sequencing identified OTUs related to known FeRB, and metagenomic sequencing identified genes within these taxa which are involved in EET, thereby strengthening the hypothesis that these organisms are involved in DIR.
Geobacter was a dominant taxon in the acetate-containing SIP incubations. However, Geobacter spp. were not detected in the no-ED incubations, which also showed significant DIR activity. This suggests that relatives of this taxon were stimulated by even a very small addition of acetate, which is consistent with previous enrichment culture experiments (20) . The results from the SIP incubations also revealed the presence of other moderately abundant taxa that incorporated acetate into biomass (e.g., Thermodesulfovibrio and Ignavibacteria). Notably, these taxa were also significant members of the microbial community of the no-ED incubations. In addition, these taxa were also present, though in lower abundances, in previous enrichment culture experiments (20) . The ability of Thermodesulfovibrio relatives native to CP to metabolize acetate and reduce Fe(III) is consistent with the abilities of isolated strains of this organism (32) . Together, these results suggest that moderately thermophilic taxa, such as Thermodesulfovibrio and Ignavibacteria, are responsible for in situ DIR at CP.
Forthcoming research is targeting the in situ microbial community at CP using sediment cores and vent pool fluid to assess the role of Fe-redox transformations in generating geochemical and stable Fe isotopic signatures of microbial Fe energy metabolism within this Fe-rich circumneutral-pH thermal spring. Delineation of such signatures in modern Earth environments is a prerequisite for detecting signs of ancient terrestrial and past or present Fe-based microbial life on Mars and other rocky planets.
MATERIALS AND METHODS
Description of Chocolate Pots hot springs. CP (thermal ID: GCPNN002; 44.71008, Ϫ110.7413) is located approximately 5 km south of the Norris Geyser Basin along the southern bank of the Gibbon River, next to Grand Loop Road. The temperatures of the sampling locations where the sediment cores were collected in 2013 were 50.7°C at site 1 (hot spring vent), 48.4°C at site 3, and 42.7°C at site 5. The pHs of the sediment core sampling sites were 5.9, 6.5, and 7.8, respectively. The temperature and pH of the vent pool were 51.5°C and 5.8, respectively, in October 2014. Subsurface water emanating from the vent pool is anoxic and contains high levels of dissolved Fe(II) and Si, at ca. 0.1 and 5 mM, respectively (16) .
Sample collection. Small sediment cores and spring water were collected from the CP vent and along the flow path in August 2013 ( Fig. 1B ). Water and sediment samples were collected near the vent in October 2014. Spring water was collected from the pool (Fig. 1A) at the vent of the main mound of CP using a peristaltic pump. Fe-Si oxide sediment was collected from the bottom of the vent pool using a plastic scoop. Water and sediment were stored in degassed and sterilized bottles. The bottles were fitted with a stopper to ensure an airtight seal. One bottle of spring water was kept anoxic by bubbling with N 2 for 15 min; the other bottle was kept partially oxic by including an air headspace. The sediment was overlain with an approximately equal volume of spring water and degassed with N 2 for 5 min with swirling to remove any traces of oxygen in the sediment and water. Temperature, pH, and conductivity were measured at the vent pool using a WTW pH 3310 ProfiLine meter with SenTix 51 electrode (Cole-Parmer, Vernon Hills, IL).
Fe-Si oxide slurry preparation. A portion of the sediment cores collected in 2013 was used to produce a Fe-Si oxide slurry for use in small-scale incubation experiments. In an anaerobic chamber (95:5%, N 2 :H 2 ; Coy Products, Grass Lake, MI), an additional volume of anoxic spring water was added to the Fe-Si sediment bottle for a final ratio of ca. 1:2 solid to liquid. The jar containing the sediment and water was swirled, and the suspended material was decanted into a beaker so that coarse sand grain-sized material remained in the bottle. Fine-grained material was withdrawn from the beaker using a needle and syringe. Fine-grained material, here referred to as CP slurry (CPS), was dispensed into a glass bottle fitted with a cap modified to hold the top of a crimped and stoppered anaerobic pressure tube. The bottle containing CPS was removed from the anaerobic chamber, and the headspace was degassed with N 2 to remove residual H 2 . CPS was prepared identically immediately upon return to the lab using the fresh sediment and spring water collected in 2014.
Fe(III) reduction experiments. CPS for the Fe(III)-reducing incubations was aliquoted into sterile anoxic serum bottles fitted with butyl rubber stoppers. All transfers were made using sterile N 2 -flushed syringes and needles. Four treatments were tested for the 2013 Fe(III)-reducing incubation experiments. Reactors were prepared in duplicate with a mixture of acetate and lactate as an additional electron donor (0.5 mM final concentration), without an electron donor added (no-ED), and each treatment with and without sodium molybdate (Na 2 MoO 4 ) to a final concentration of 0.6 mM as a specific inhibitor of bacterial sulfate reduction (40) . Treatment groups are here referred to as acetate/lactate (Ac/Lac), Ac/Lac plus molybdate, Ac/Lac, no-ED, and no-ED plus molybdate, respectively.
Fe(III)-reducing incubations for the 2014 stable isotope probing (SIP) experiment were prepared in triplicate and contained 0.5 mM 13 C-labeled acetate ([ 13 C]H 3 COONa, 99%; Cambridge Isotope Laboratories, Inc., Andover, MA), 0.5 mM unlabeled acetate, or no additional electron donor. The treatment groups are here referred to as [ 13 C]acetate, unlabeled acetate, and no-ED, respectively. All incubations were conducted at 50°C in the dark.
Fe(III) reduction activity was determined by the accumulation of acid-soluble Fe(II). Subsamples were collected approximately every 2 days, added to 0.5 M HCl, and agitated for 1 h. An aliquot of the extract was added to ferrozine colorimetric reagent (41) with and without the addition of 10% hydroxylamine hydrochloride to quantify total Fe and Fe(II), respectively. The amount of Fe(III) was determined by the difference between total solubilized Fe and Fe(II). Acetate-amended incubations received an additional 0.5 mM acetate after each sampling, unless there was no increase in Fe(II) since the previous sampling.
The incubations from the 2013 Fe(III)-reducing experiments were terminated after 19 days. Fe(III)-reducing incubations from the 2014 SIP experiment were terminated after 10 days. The contents of the Fe(III)-reducing serum bottles were decanted into Falcon tubes in an anaerobic chamber and then frozen at Ϫ20°C.
DNA extraction and stable isotope probing. DNA was extracted from the frozen aliquots of sediment using the Mo Bio PowerSoil DNA isolation kit (Mo Bio, Carlsbad, CA), in accordance with previously published modifications (20) . Replicate samples were kept separate during DNA extraction. DNA was not extracted from the azide-amended treatments from the Fe(II)-oxidizing incubations. High-density ( 13 C-labeled) and low-density ( 12 C-labeled) DNA from the 2014 Fe(III)-reducing SIP experiment was separated using isopycnic centrifugation, according to previously published methods (42-44), with modifications described in Text S1.1.
16S rRNA gene amplicon sequencing and analysis.
Gradient fractions corresponding to high-and low-density pools of DNA were selected for 16S rRNA gene amplification based on fractions with the highest fluorescence measurement in the PicoGreen assay (Thermo Fisher Scientific, Darmstadt, Germany), according to the manufacturer's instructions (n ϭ 19). Buoyant densities of fully 13 C-labeled and unlabeled Escherichia coli DNA fractions with high fluorescence were also used to select fractions for amplification and sequencing. DNA was amplified using universal 16S rRNA gene PCR primers specific to target bacteria and archaea. The PCR and amplification conditions are described elsewhere (Text S1.2).
PCR amplicons from bacterial and archaeal amplifications of the gradient-density-separated Fe(III)reducing incubation DNA (n ϭ 38) were submitted to the University of Wisconsin Biotechnology Center (UWBC; https://www.biotech.wisc.edu/) for paired-end 2 ϫ 300-bp Illumina MiSeq 16S rRNA gene amplicon sequencing. Microbial community sequence data were processed using the Quantitative Insights into Microbial Ecology (QIIME) pipeline version 1.8.0 (http://www.qiime.org) (45), following the protocol for handling paired-end Illumina sequence data (Text S1.2). Briefly, QIIME is used to identify and cluster reads into operational taxonomic units (OTUs) for each amplicon library, which are then subjected to homology-based analyses to obtain taxonomic information about the composition of the reads within each sample. The beta diversity of the samples was calculated using weighted UniFrac metrics (46, 47) . The software package PRIMER (Primer-E [48] ) was used to conduct an analysis of similarity (ANOSIM) and similarity percentage (SIMPER) to analyze the statistical significance of the differences between treatment groups in the Fe(III)-reducing incubation.
Metagenomic sequencing and assembly. The remaining non-PCR-amplified genomic DNA from the low-density fractions of the Fe(III)-reducing SIP incubations (n ϭ 3) was submitted to the UWBC for paired-end 2 ϫ 300-bp Illumina MiSeq shotgun metagenomic sequencing. Raw sequence data were assembled and processed using CLC Genomics Workbench 7.5.1 (CLC bio) at the UWBC computer center (Text S1.3 for details).
Binning was accomplished using the automated clustering tool CONCOCT (49) on all contigs 2,500 bp and greater. Completeness, contamination, and bin heterogeneity were calculated using CheckM (50) . "Contamination" is calculated by the number of multicopy marker genes identified in each bin, generally as a result of multiple closely related organisms (e.g., strains) being binned together (50) . The strain heterogeneity measurement determines how closely related multicopy genes are. A low heterogeneity measurement suggests that genes are from closely related organisms and can be thought of as redundancy, whereas high strain heterogeneity suggests that genes came from unrelated organisms and can be thought of as true contamination in a given genome bin. Highly redundant bins with high variance in average coverage were manually split based on the fold coverage of the contigs.
Taxonomic bins were visualized using Databionic ESOM Tools (51), according to previously described methods (20) . Prodigal (52) and HMMer (53) were used to identify copies of the 111 conserved essential bacterial housekeeping genes (54) within the metagenomic coassembly. Amino acid sequences of the genes were aligned to the BLAST database (current as of 8 June 2016) using the BLASTp function in command-line BLAST (55) . BLAST searches were performed using the computational resources and assistance of the UW-Madison Center for High Throughput Computing (CHTC) in the Department of Computer Sciences (http://chtc.cs.wisc.edu/). Output files were uploaded to MEGAN (56), and taxonomic information was exported for viewing in Dendroscope (57) . The taxonomic identification of the bins was determined (Table S6 ) using a consensus between Phylosift (58), CheckM, and MEGAN with the BLASTp input.
Differential coverage of metagenomic reads was used to determine the response of the microbial community to treatments in the Fe(III)-reducing SIP incubation experiment. Briefly, raw metagenomic sequence reads from each treatment group were paired, and sequencing adapters removed and quality trimmed. Processed reads from each treatment group were individually mapped back to the coassembly using the read mapping function in CLC Genomics Workbench.
Metagenomic sequence analysis. The coassembly annotated in IMG/M ER was searched for genes of interest, i.e., genes involved in putative Fe cycling. A hidden Markov model (HMM) was created to search for the well-characterized Geobacter-like porin-cytochrome complex (pcc) (26, 27) EET system, as described previously (20) . A list of candidate pcc homolog genes was refined (Text S1.4). Homologs of the well-characterized EET system in the known FeRB Shewanella sp. (mtrABC) (28) were searched for in the metagenomic coassembly using command-line BLAST and the BLASTp function in IMG. Putative EET systems which were not homologous to known model systems were identified as follows: a Python script was used to search for multiheme c-cyts (Ն5 heme-binding sites) in the amino acid assembly from the metagenome. Putative OM porins were identified by investigating genes proximal to aforementioned multiheme c-cyts for TM domains and a predicted OM location. Genes fitting these criteria were classified as pcc-like. Bins containing putative EET systems were investigated further for supplemental genes predicted to be involved in Fe(III) transformation, as previously described (Table S1 ) (59) .
Accession number(s). All metagenomic contigs for the Fe(III)-reducing coassembly are available through IMG/M ER with taxon identification number 3300009943. This targeted locus study project has been deposited at DDBJ/EMBL/GenBank under the accession no. PRJNA438487. The version described in this paper is the first version, KBWS01000000. incubations that naturally has a higher density (e.g. higher GC content). 46 47 genes were amplified using universal 16S rRNA gene PCR primers (27f/907r) (2). 48
Archaeal 16S rRNA genes were amplified using archaeal-specific primers (109f/912r) 49 were used as positive controls. PCR product was cleaned using a Qiagen MinElute kit 57 (Qiagen, Hilden, Germany) following manufacturer's instructions and quantified using a 58
NanoDrop ND-1000 (PEQLAB Biotechnologie, Erlangen, Germany). 59
Microbial community sequence data were processed using the Quantitative 60
Insights Into Microbial Ecology (QIIME) pipeline (http://www.qiime.org, version 1.8.0) 61 (4). QIIME allows for de novo operational taxonomic unit (OTU) picking based on 62 sequence similarity within samples, sequence alignment, and taxonomic assignment 63 using the SILVA database. Paired-end reads were joined using the default fastq-join 64 method (5, 6) . Joined reads were quality trimmed in parallel to remove sequences with a 65
Phred score below Q20 using the split_libraries_fastq.py script (7) . Output sequence was 66 validated using validate_demultiplexed_fasta.py. Chimeric sequences were identified 67 using the identify_chimeric_seqs.py script using the usearch61 chimera detection method 68 (8) , and SILVA reference database (9, 10), release 111 (July 2012). Chimeric sequences 69 were removed using filter_fasta.py command and chimeric sequence list generated in the 70 previous step. Sequences were validated once more after chimera removal. Taxonomy 71 was assigned to OTUs using the pick_open_reference_otus.py script using the usearch61 72 OTU picking method and SILVA reference database, release 111. Beta diversity of the 73 samples was calculated through the beta_diversity_through_plots.py script using 74 weighted UniFrac metrics (11, 12) . Sequences from the ten most abundant OTUs from 75 each enrichment culture were analyzed using NCBI BLASTn search algorithm excluding 76 models and uncultured/environmental sample sequences (13) . BLASTn results were 77 compared to the SILVA taxonomies identified using QIIME to potentially gather 78 additional information about the most abundant taxa. were merged prior to adapter removal. Adapters were removed from sequence data using 81 the Trim Sequences function within CLC Genomics Workbench using the General 82
Adapter List library and adapter usage information provided by UWBC. Merged 83 sequences of <50 bp or quality scores <95% were removed. Contigs for the Fe(III)-84 reducing incubations were generated through a combined metagenomic assembly (co-85 assembly) using an overlapping word length of 43 bp and minimum length of 200 bp. 86
Reads were mapped back to contigs based on 90% length and 95% similarity. The co-87
assembly was uploaded to the Integrated Microbial Genomes with Microbiome Expert 88
Reviewer (IMG/M ER) system (http://img.jgi.doe.gov/mer) for gene calling using 89 IMG/M ER Metagenome Gene Calling method and function annotation (14) . neighboring genes) were also eliminated. Additionally, candidate pcc porin genes that 94 were predicted to not be located in the cellular outer membrane (OM) by the subCELlular 95
LOcalization predictor (CELLO v2.5, http://cello.life.nctu.edu.tw/, (16) ) and PRED-96 TMBB (http://bioinformatics.biol.uoa.gr/PRED-TMBB/input.jsp, (17)) were not 97 considered for further analysis. from the phylum Acidobacteria have been described previously (18) (19) (20) , so the 115 identification of a putative EET system is not unprecedented. Additional pcc-like EET 116 systems were identified in the Fe(III)-reducing metagenomic co-assembly in bins 117 identified as A. thermophila, Pedosphaera parvula, Chthonomonas calidirosea, and 118
Desulfomonile. To our knowledge, the genomes of these taxa have not been examined for 119 potential EET systems. 120
The type strain A. thermophila UNI-1 is a strictly anaerobic, fermentative, 121 thermophilic, filamentous bacterium isolated from soybean processing waste (21) . The in 122 situ conditions of CP are amenable to the optimal growth requirements of A. thermophila, 123 however, studies have demonstrated that this organism is incapable of utilizing acetate 124 and lactate as an electron and carbon source and this is supported by our data indicating a 125 lack of response to the addition of acetate ( Fig. S6 . Likewise, the strain is unable to use 126 The type strain of Chthonomonas, C. calidirosea T49 T , is an aerobic, 135 saccharolytic thermophile that was isolated from a geothermal environment in New 136
Zealand that has similar physical and chemical characteristics when compared to CP (23) . 137
One bin related to this organism contained a putative EET system; despite previous 138 studies indicating an inability to grow anaerobically. However, the aforementioned 139 studies did not test Fe(III) as a terminal electron acceptor; unsuccessful growth was 140 observed using elemental sulfur, sulfate, or nitrate. While results from this metagenomic 141 analysis supported the metabolic potential of the Chthonomonas-related bins having the 142 ability to grow anaerobically using Fe(III), only one bin possessed a complete EET 143 system, and had below average read-coverage, suggesting it was not active under the 144 Desulfomonile is a dehalorespiring bacterium which is also capable of anaerobic 148 growth coupling thiosulfate reduction to H 2 oxidation (24, 25) , although to our 149 knowledge this organism has not been implicated in Fe-redox cycling. Even though the 150 Fe(III)-reducing bin related to this organism has lower coverage than the most prolific 151 putative FeRB (e.g. Deltaproteobacteria), it is also highly stimulated by the addition of 152 acetate having a near negligible presence in the no ED incubations ( Figs. 6 and S6) . 153
Together, these two lines of evidence support the hypothesis of Desulfomonile 154 participating as a FeRB, though likely not in situ. 155
Pedosphaera parvula Ellin514 is a member of the phylum Verrucomicrobia 156 isolated from Australian pasture soil under aerobic heterotrophic conditions (26) . 157
Although it has been suggested to be an important component of the soil microbial 158 community, little else is known about this species (26, 27 Figure S6 . Twenty highest-coverage metagenomic bins from the Fe(III)-reducing SIP incubations, and bins containing genes involved in EET. Reads from individual treatment groups were mapped against the entire co-assembly to visualize how coverage of taxonomic bins changed in response to acetate addition, with cells in blue representing high-coverage bins, and yellow representing low-coverage bins. Scale range was determined by calculating the log of the maximum, minimum, and average coverage for the entire co-assembly. Percent completeness of each bin was determined by the presence of singlecopy housekeeping marker genes in CheckM. Phylogenetic identity of the bins was determined from a consensus between Phylosift, CheckM, and BLASTp. Phylogenetic tree was produced using the output from CheckM visualized in Dendroscope. EET (either pcc, or pcc-like) was positively identified (green +) in bins that contained a putative OM porin, extracellular and periplasmic c-cyts, and all supplemental EET-related genes (Table S1 ). High-coverage bins that contained a partially complete (purple o) putative EET system may still be involved in EET. Bins that were missing several EETrelated genes (red -) were too incomplete for further consideration. Remaining bins were abundant members of the microbial community under Fe(III)reducing conditions, but were not obviously involved in EET. Abbreviations: No ED, No electron donor; Ca., Candidatus. Table S2 . DNA concentration from selected high--and low--density fractions from the Fe(III)--reducing incubations following isopycnic centrifugation.
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